INTRODUCTION
In ma mmalian epidermis, the synthesis of mel anin within melanosomes, th e specialized granu lar cytoplasmic organelles of melanocytes, repre sents but one phase in a continuum of complex cytologic events that ultimately depend upon the functional and structural integration of melano cytes and keratinocytes achieved during embry onic development and maintained throughout life (Pink us et al., 1959; Fitzpatrick and Breathnach, 1963; Hadley and Quevedo, 1966; . Melanosomes synthesized by melanocytes are transferred to keratinocytes and transported to the epidermal surface as the latter cells undergo cornification. In some cases, mela nosomes are partly degraded while in transit within the ascending keratinocytes (Olson et al., 1970) . The processes of melanosome synthesis, intercellular transfer, transport, and degradation are now considered to be fundamental properties of a basic multicellular "organ" of melanin pig menta tion, the epidermal melanin unit (Fitzpa trick and Breathnach, 1963; Fitzpatrick and Quevedo, 1971) . By simplest definition, an epider mal melanin unit ( Fig. 1) consists of a melanocyte and the pool of keratinocytes to which, by virtue of proximity, it can under appropriate conditions donate melanosomes. Skin color is influenced in various degrees by the pigmentary attributes of the individual melanosomes synthesized by mela no cytes and by their number, arrangement, and catabolic fate throughout the many epidermal melanin units of the integument (Fitzpatrick and Quevedo, 1971) . The epidermal melanin units of the in terfollicular epidermis have their approxi mate counterparts in the transient associations of follicular melanocytes and keratinocytes during the growth and pigmentation of the hair.
In this paper we shall explore some current concepts of the genetic regulation of melanin pigmentation in mammals and emphasize that the multicellular epidermal melanin unit rather than the melanocyte alone is the focal point in the control of melanin metabolism within mam malian epidermis.
B!OSYNTHES!S OF MELANOSOMES

Origin of Melanosomal Components
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begins within epidermal melanin units when in formation coded within appropriate nuclear genes of the melanocytes is transcribed in messenger RNA (mRNA), which is subsequently translated on the ribosomes of the rough endoplasmic reticu lum. A somewhat speculative summary of the major events in the biosynthesis of melanosomes and their possible fate within the epidermal melanin unit is given in Figure 2 . The formation of melanosomes appears to depend on the availabil ity of gene-specified elementary components that include tyrosinase, structural proteins, "mem branes," and, possibly, certain auxiliary enzymes. Structural and enzymic proteins, synthesized ac cording to the underlying genetic program, are sequestered within membrane-limited vesicles which arise from such diverse structures as the Golgi apparatus, the Golgi-associated endoplas mic reticulum (GERL), the general smooth endo plasmic reticulum, and, perhaps, the rough endo plasmic reticulum (Maul, 1969; Hunter et al., 1970; Toda and Fitzpatrick, 1971; Maul and Brumbaugh, 1971) . Within the membrane-limited early melanosome, the sequestered proteins as sociate to form a matrix consisting of either a single rolled sheet of protein or several concentri cally arranged protein sheets (Breathnach, 1969 ).
The precise relationship between tyrosinase and the structural proteins within melanosomes is still debated. Although more traditional views hold that tyrosinase forms part or all of the matrix (Birbeck, 1963; Foster, 1965) , it has been proposed recently that tyrosinase is restricted to the outer membrane of the melanosome (Toda and Fitzpa trick; . New evidence indicates that in the embryonic chicken, tyrosinase carried within coated vesicles is added to melanosomes after the matrix is formed from structural protein (Maul and Brumbaugh, 1971) . This observation would seem to establish unequivocally the existence of two classes of protein (structural and enzymic) within the melanosomes of at least some verte brates.
Tyrosinase and "Protyrosina e"
Multiple forms of tyrosinase separable by poly acrylamide gel electrophoresis have been ex tra cted from the pigmented tissues of a variety of mammals including man (Holstein et al., 1967; Burnett and Seiler, 1969; Holstein et al., 1971; Burnett, 1971) . The soluble multiple forms of ty rosinase found in electropherograms of supernat ant fractions of homogenates of mouse hair bulbs are influenced by genes at several loci (Holstein et al, 1971) . In wild-type mice, three bands of tyrosinase (T1. T • . T3) are found at a time of eumelanin (black-brown) synthesis (Fig. 3) . In lethal yellow (AY/a) mice characterized by pheo melanin (yellow) synthesis within hair bulbs, T 2 and Ta are absent. In pink-eyed dilution (p/p), dilute (d/d) and certain phenotypes of viable yellow (A"Y/a) mice, T2 and T3 are reduced in ac tivity. In most cases where T 2 and T 3 are reduced or absent, the matrix of the melanosome exhibits significant defects in ultrastructure (Moyer, 1966; Rittenhouse, 1968a, b) . Although the precise as sociation between T,, T2, and T3 and melano some structure is not known, available evidence supports the idea that tyrosinase in mice is either directly or indirectly involved in forming the mel anosome matrix. The multiple forms of tyrosinase associated with follicular melanocytes undergo change du ring the hair growth cycle, but the func tional significance of their variation remains un determined .
As proposed in Figure 2 , tyrosinase may be synthesized as "protyrosinase," which is subse quently activated by an appropriate "protease." McGuire (1970) has reported compelling evidence for a protyrosinase in frog epidermis that can be activated in vitro by trypsin and chymotrypsin. Our recent observations (Stowell, Bienieki, Hol stein, and Quevedo, unpublished data) indicate that chymotrypsin and trypsin activate a compo nent of the soluble fraction of homogenates of mouse hair bulbs which catalyzes the conversion of dopa to melanin (Fig. 4) . Apparently these proteases do not simply increase the activity of already functional tyrosinase. The activation of the "protyrosinase" leads to an increased activity of T, but not of T 2 and T3, and thus parallels the contrasting genetic influences on T 1 compared to T 2 and Ta. It must be stressed that the precise relationship between "protyrosinase" and tyrosin ase, as well as the appropriateness of the title "protyrosinase" for the protease-sensitive moiety in mouse hair bulbs, remain to be established.
Other Melanosomal Enzymes
Lysosomal hydrolases (acid phosphatase and aryl sulfatase) are associated with melanosomes within both melanocytes and keratinocytes (Olson et al., 1970) . Although the function of hyclrolases within the melanosomes of melanocytes is ob scure, they may serve to inactivate tyrosinase (Toda and Fitzpatrick, 1971) . These enzymes are probably part of a larger battery of enzymes associated with the formation of the melanosome and the regulation of key aspects of its structure and function (Fig. 2) ; as such they may be particularly important in determining the proper ties of the limiting membrane of the melanosome. The hypopigmentation of tyrosinase-positive ocu locutaneous albinism (Witkop, 1971) and Che diak-Higashi syndrome have been related to defective functions of the melanosome membrane. Witkop (1971) has sug gested that in tyrosinase-positive oculocutaneous albinism, a defect in a "permease" for tyrosine manifested at the level of the melanosome mem brane will result in the failure of adequate amounts of tyrosine to reach the organelle's mela nogenic machinery.
Melanosome Assembly and Melanin Deposition
In a simplified way, Figure 2 suggests that the various melanosomal components are ultimately trypsin -treated.
synthesized, but the precise basis at the molecular level for their action is not understood . For example, in mice manifesting pink eyed dilution (p/p), a defective matrix result when protein fibers within the melanosomes of the retinal pigment epithelium fail to align and to cross-link properly (Sidman and Pearlstein, 1965: Moyer, 1966) . Such genetically programmed faults in the organization of the matrix might result either from abnormalities in the primarv structures of the elementary melanosomal pr� teins or from imbalances in the quantities in which they are presented for melanosome assem bly.
With the formation of the melanosomal matrix. melanin deposition begins; its accumulation on the surface of the matrix and throughout the interstices of the melanosome progressively ob scures the details of internal structure. The w1ion of melanin with melanosomal proteins produces melanoprotein (Seiji and Miyazaki, 1971) , a com plex biopolymer that awaits full chemical charac terization (Zelickson, 1967; Duchon et al., 1968) .
MELANOSOME TRANSFER AND FATE WITHIN KERATINOCYTES
The transfer of melanosomes to keratinocytes is considered a heterophagic process in which kerati nocytes actively phagocytize bits of the melano some-laden dendrites of melanocytes (Mottaz and Zelickson, 1967; Prunieras, 1969; Wolff and Kon rad, 1971) . Human racial differences in melano some transport (Fig. 5) reveal that melanosome size is important in determining the fate of melanosomes within keratinocytes (Toda et al., 1972) . In Negroids and Australoids numerous single melanosomes predominate within keratino cytes whereas in Caucasoids and Mongoloids "melanosome complexes" composed of two or more melanosomes surrounded by a membrane are usually found (Mitchell, 1968; Szabo et al., 1969; Toda et al., 1972) . Recent studie indicate that the world-wide variation in human melanin pigmentation can be explained by gene interactions involving from 3 to 4 loci (Harrison and Owen, 1964; Livingstone, 1969; Stern, 1970) . Variation in skin color and estimates of underlying genetic control are proba bly influenced by whether melanosomes are dis persed singly or form aggregates within keratino cytes. Moreover, melanosomes transported in complexes are probably more subject to degrada tion than those transported singly (Toda, personal communication) . If this finding in particular should be verified, then the modest number of gene loci which accounts for racial differences in skin color may still be too great. Apparently, "melanosome complexes" within keratinocytes are subject to the "full onslaught" of lysosomal hydrolases, but the status of single melanosomes within keratinocytes seems less clear (Ohtaki and Seiji, 1971) . Since lysosomal enzymes have been de �onstrated in both single melanosomes and "melanosome complexes" (Hori et al., 1968; Olson et al., 1970) , the latter arrangement may confront melanosomes with greater quantities of hydrolases than the former. Alternatively, because of racial differences in the size of melanosomes and, possi bly, their degree of melanization, the extent to which melanosomes are susceptible to the action of lysosomal hydrolases may vary. Differences in the degree of keratinocytic degradation of melano somes may serve to widen the variation in skin color and lead to exaggerated estimates of genetic difference.
Edwards and Duntley ( 1939) designated as melanoid, a pigment they had detected in human skin, by reflectance spectrophotometry. They sug gested that melanoid is a diffuse pigment derived from the disintegration of "melanin particles" within the epidermis. Recently, Ohtaki and Seiji (1971) demonstrated that lysosomal enzymes de grade melanosomes in vitro by attacking the matrix of the melanosome but not its contained melanin. The melanoid pigment described by Edwards and Duntley (1939) may be fragments of melanized melanosomes resulting from the action oflysosomal enzymes within keratinocytes in vivo. At present, information on the genetic specifica tion of lysosomal enzymes and their possible variation in man is sparse.
FUNCTIONAL INTEGRATION WITHIN EPIDEHMAL MELANIN UNITS
The Pattern
A superficial examination of Figures 1 and 2 may give the erroneous impression that the origin and disposition of melanosome within epidermal melanin units represent only a single outward directed linear chain of cytologic events extending from the epidermal basal layer to the stratum corneum. It is increasingly evident, however, that the biosynthesis of melanosomes within melano cytes depends on cues arising in the dermis and throughout the complex levels of biologic organi zation which characterize the epidermal melanin unit . The reported changes in lysosomes alone suggest that the metabolic activ ity of keratinocytes is significantly altered by the arrival of melanosomes from melanocytes. The e metabolic changes possibly extend beyond those associated with lysosomes and by feedback control affect the melanocytes in which the melanosome originated. Products derived from melanosome degradation or from other sources within keratino cytes can conceivably pass downward by way of the keratinocytes or the intercellular spaces (Wolff and Honigsmann, 1971) to regulate mela nocyte function. The importance of keratinocytes in regulating melanocyte activity is indicated bv the failure of UV to stimulate melanogenesf within melanoma cells exposed to UV in vitro (Kitano and Hu, 1969) .
Light microscopy indicates that in man, despite regional anatomic variations in the population densities of epidermal melanocytes, a fixed ratio of one dopa-positive melanocyte to about 36 viable keratinocytes (i.e., excluding cornif' ied cells) ob tains throughout the entire epidermis (Frenk and Schellhorn, 1969) . This study seems to underesti mate the ratio of melanocytes to keratinocytes, for Mishima and Widlan (1967) have demonstrated at the light microscope level that fewer melano cytes are revealed by the dopa-treatment than b\· a combined "dopa-silver" cytochemical metho d.
In addition, they show that even greater numbers of melanocytes are demonstrable with the electro n microscope than by any of the cytochemic al methods coupled with light microscopy. Thus the absolute ratio of keratinocytes to melanocyte remains to be determined. Conservatively, some relationship apparently exists between the num bers of keratinocytes and of well-differentiated (i.e., moderately dopa-reactive) melanocytes in human epidermis. In certain human cutaneou neoplasms, the increase in the number of melano cytes parallels an expanding population of kerati nocytes (Quevedo, 1963) .
The method reported by Zelickson and Mottaz (1968) for estimating comparative cell volume in the epidermis seems to be the best for determinina unequivocally whether keratinocytes and melano� cytes exist in fixed proportions throughout the human epidermis. The preliminary data on com parative volumes of melanocytes and keratino cytes reported by Zelickson and Mottaz (1968) do not seem to support the theory of a· universal fixed ratio between melanocytes and keratinocytes. An unresolved problem is posed by the undifferen tiated nonkeratinocytes of the epidermis whi h may have affinities to melanocytes, Langerhan cells, or Merkel cells Breathnach. 1971) .
Tissue-specific chalones, possibly glycoprotein . may control the replication of melanocytes and keratinocytes by negative feedback (Bullough and Laurence, 1964; Bullough and Laurence, 196 : Iversen , 1969; Bullough, 1971) . For full inhibitory activity, the keratinocyte and melanocyte cha lones require adrenaline and a glucocorticoid such as hydrocortisone (Bullough, 1971) . If ch al ones of the type proposed by Bullough and associates exist and function in the postulated manner (cf. Iversen , 1969) , then the maintenance of fixed ratios of diverse cell types in the epidermis would require precise balances in the production and utilization of a multiplicity of cell-specific cha lones.
Recently, the ch alone theory has been chal lenged by investigators (Voorhees and Duell, 1971; Powell et al. , 1971) who hold that the regulation of the turnover of epidermal keratinocytes may be mediated through the cyclic AMP ("second mes senger") mechanism elucidated by Sutherland (1970) . Earlier, Iversen (1969) speculated that the regulation of mitotic activity involves an interac tion of th e ''chalone" and "cyclic AMP" systems. According to Voorhees and Duell (1971) , chalones released by tissue homogenization may simply represen t cyclic AMP and key molecules which increase its intracellular levels. The addition of skin extracts to organ cultures of skin, carried out by Bullough and Laurence (1961) in their study of chalones, may reinforce the residual tissue-local ized ing redients of the cyclic AMP system and lead to an elevation of cyclic AMP and a conse quent depression of mitotic activity within kerati nocytes (Voorhees and Duell, 1971) . Rather than serving "to strengthen" chalone action (Bullough, 1971) , adrenaline is envisaged by Voorhees and Duell (1971) as binding to ,B-adrenergic receptor sites on the cell membranes of keratinocytes, leading to the activation of adenyl cyclase and increased intracellular synthesis of cyclic AMP. To date, the mechanism proposed by Voorhees and Duell (1971) does not completely explain the tissue-specific nature of chalones (Bullough, 1971) . Lerner (1971) has summarized recent research which suggests that cyclic AMP acts as a "second messenger" in the hormonal and neural regulation of melanosorne movements within melanophores of fish, amphibians, and reptiles. Citing the litera ture which shows that a rnelanocyte-stimulating hormone (MSH) elevates cyclic AMP within mammalian melanoma cells and stimulates rnela nogenesis within normal mammalian melano cytes, Lerner (1971) has suggested that cyclic AMP stimulates tyrosinase synthesis as a pre lude to increased melanogenesis. If this is so, cyclic AMP may also serve as a "second messen ger " in normal mammalian rnelanocytes, acting no t only on rnelanogenesis but also on mitotic activity. The balanced interaction of keratino cytes an d melanocytes within epidermal melanin units may depend on endogenous and exogenous regulatory factors that operate by way of cyclic AMP. Thus, both chalones and cyclic AMP may be operative within epidermal melanin units. Creative research is needed to test critically the "chalone" and "cyclic AMP" theories of epider mal regulation.
Developmental Considerations
The morphologic specificity of the epidermis in the ear, trunk, and plantar skin of rodents de pends throughout life on regulatory control by the underlying dermis (Billingham and Silvers, 1967) . Regulatory information arising from the dermis and interpreted at appropriate levels within the epidermal melanin unit of men and mice may account for the regional anatomic differences in the melanin pigmentation of the unit.
The importance of the tissue environment for the survival, proliferation, and differentiation of rnelanoblasts into rnelanocytes and the subse quent maintenance of melanogenic activity is clearly illustrated in the events of embryonic development. Studies in the mouse seem to have established that the rnelanocyte system of the ad ult mammalian integument derives from a restricted number of stern rnelanoblasts originat ing within the neural crest of the embryo (Rawles, 194 7) . Early in development, these cells migrate from the neural crest (Fig. 6 ) and enter the prospective skin where they proliferate and even tually achieve a programmed region-specific pop ulation density (Mayer, 1970) . Estimates of the number of stern rnelanoblasts in the mouse indi cate as few as 14 (Schaible, 1969) or 34 (Mintz, 1967) ; Lyon (1968) holds that there may be considerably more. The number of stern melano blasts in man is unknown. In response to appropri ate cues from their tissue environment (Pollock and Abbott, 1971; Hashimoto, 1971) , genetically competent melanoblasts differentiate into mela nocytes by initiating the synthesis of melano somes. Differentiating "rnelanocytes" (Ha shimoto, 1971) are found in the prospective dermis (mesenchyme) of human skin by the 10th week of gestation and in the epidermis by the 8th week (Zimmerman and Becker, 1959; Hashimoto. 1971; Sagebiel and Odland, 1972) .
In a comprehensive study of the comparative developmental genetics of "white-spotting" in mice, Mayer (1967 Mayer ( , 1970 established that specific genes influence pigment patterns by (1) action at the neural crest level resulting in the production of cells either unable or with limited ability to differentiate into rnelanocytes; (2 ) action at the tissue environment level where they establish a climate hostile to or inadequate for rnelanoblast survival and differentiation; (3) a combination of actions at the neural crest and tissue environment levels. Gene action of type 1 is illustrated by lethal spotting (ls/ls), splotch (Sp/Sp), and viable domi nant spotting ( W" /W"), where white areas in the hair coat result from a defective production of FIG. 6 . Schematic representation of the origin and migration of melanoblasts from the neural crest of the mammalian embryo. Melanoblasts appear to arrive in the skin via the dermis and secondarily invade the epidermi where they sometimes differentiate at the dermoepidermal junction and within hair follicles. Although melanoblast have been shown to migrate from the neural crest by way of the epidermis in the chick, the utilization of this pathway in mammals awaits demonstration. competent melanoblasts within the neural crest (Mayer and Maltby, 1964; Mayer and Green, 1968; Mayer, 1970) . Gene action of type 2 is found in the steel (Sl/Sld) and belted (bt/bt) mutants (Mayer and Maltby, 1964; Mayer and Green, 1968; Mayer, 1970) . In the former, the white areas appear to result from the marked inhibitory influ ence of the skin which may actively suppress either the migration or differentiation of melano blasts. In belted mice (bt/bt), the white areas result from the failure of melanoblasts, which have invaded the embryonic skin, to survive or differentiate within hair follicles. Type 3 gene action is probably operative within piebald (s/s) mice. Although alternative explanations are possible, during embryonic development the piebald gene may condition a transitory inhibitory influ ence of the tissue environment to which s/s melanoblasts are unusually sensitive (Mayer, 1967) .
The survival and differentiation of melano blasts into melanocytes is obviously determined by the genotype of the melanoblast, which sets the minimal environmental requirements necessan· for differentiation, and by the adequacy of th� local tissue environment, which often change significantly throughout embryonic and postnatal development. The importance of the environment in melanocyte function in adult mice is illustrated by lethal yellow (AY/.) mice where pheomelanin-containing melanosomes are synthesized only within follicular melanocytes (Markert and Sil vers, 1956) ; melanocytes situated elsewhere in the integument produce eumelanosomes of black or brown pigment as specified by alleles at the b locus.
The theory of changing environmental influ ences on melanocyte performance is consistent with the demonstration that many melanogenic melanocytes present in the interfollicular epider mis of black mice at birth disappear within the first month of postnatal life Weiss and Zelickson, 1972) . Apparently some persist in an amelanotic condition and thus ac count for the numerous melanogenic melanocytes found in the interfollicular epidermis after expo sure of the depilated skin of the adult to ultra violet light (Quevedo and Smith, 1968) . Similarly, in human fetal skin certain melanocytes within hair follicles autophagocytize their contained melanin and either degenerate or survive in an amelanotic condition (Hashim-0to, 1971) . Since neighboring melanocytes function normally, the changed activity of the affected melanocytes is probably dictated by the local environment.
Piebaldism , inherited as an autosomal domi nant in man, is characterized by a white forelock and hypopigmentation of restricted areas on the face, neck, to rso, and extremities (Fitzpatrick and Quevedo, 1971; Telfer et al ., 1971) . Melanocytes are absent from the epidermis and hair follicles of the white forelock but are sometimes present in the hypopigmented areas of the extremities {Bre athnach et al., 1965; Comings and Odland, 1966; Fi t zpatrick and Quevedo, 1971) . The patchy pigmentation on the torso and extremities is consistent with the interpretation that in piebald subjects melanoblasts are normally distributed throughout the developing embryo but, because of the fa ilure of the t issue environment to provide appropr iate support, fail to survive or to differen tiate in sp ecific regions. In normal adult man and mouse, melanocytes within hair follicles synthe size mel an osome during the anagen stage of the growth cycl e but are inactive during telogen, an indication that melanogenic activity is regulated by the follicular environment (Silver et al. , 1969) .
Thus, a variety of evidence derived from embry onic -and adult mammals supports the theory that throughout life melanocyte performance is in fluenced by important environmental factors. The epiderm al melanin unit is but one expre sion of the complex intimate relationship between mela nocytes and their tissue environment.
NEW HORIZONS FOR THE EPIDERMAL MELANIN UNIT
Clea rly, the movement of keratinocytes in the epidermis is more complex than is generally thought. In the germinal layer of certain types of human and mouse epidermis, keratinocytes ap parently do not divide at random (Mackenzie, 1970; Karatschai et al., 1971; Menton and Eisen, 1971) . In the germinal layer of mouse ear epider mis, for example, they probably proliferate at re stricted sites and move laterally before being dis placed into the spinous layer from where they as cend to give rise to orderly vertical columns of cornified cells (Macken zie, 1970) . The stacking of cornified cells in certain types of human epi dermis possibly derives from similar epidermal mechanics (Menton and Eisen, 1971) . Accord ingly, in addition to involving outward flow, the passage of keratinocytes in epidermal melanin units may also include a significant lateral move ment. Moreover, a significant number of mitoses almost certainly occur in keratinocytes located above the basal layer Hunter, 1966: Penneys et al., 1970) . When properly interpreted.
this new knowledge will doubtlessly modify cur rent theories on the origin and fate of melano somes within epidermal melanin units.
